FOR MANY YEARS, ISOLATED GLOMERULI have been used for investigation of glomerular pathophysiology. Explantation of glomeruli enables the examination of production of bioactive substances by glomerular cells and determination of environmental factors that modulate glomerular cell activity (2, 14, 36) . Despite the extensive use of isolated glomeruli, little is understood about how isolation and explantation per se affect the structure and function of the glomerulus. We recently investigated the incidence of apoptosis in explanted rat glomeruli and found that significant numbers of resident cells, mainly podocytes, spontaneously undergo apoptosis immediately after ex vivo incubation of normal glomeruli (9) . Apoptosis requires activation of particular intracellular signaling pathways. We speculated that certain signaling molecules, including kinases and transcription factors, may be spontaneously mobilized and activated in isolated glomeruli. To examine this possibility, we investigated the transcriptional profile of explanted normal glomeruli.
The expression of several genes was tested for this purpose. Endothelial nitric oxide synthase (eNOS) and glomerular epithelial protein-1 (GLEPP1) were examined as the transcripts normally expressed in glomeruli. eNOS is constitutively expressed in the glomerular endothelium and participates in continuous production of nitric oxide in the glomerulus (6, 30) . In contrast to inducible NOS, which is upregulated under pathological circumstances, expression levels of eNOS may be downregulated in disease conditions (6) . GLEPP1 is a receptor-like transmembrane protein tyrosine phosphatase that is expressed exclusively in podocytes (41) . The expression level of GLEPP1 diminishes in experimental and human glomerulonephritis in which podocytes are affected (44) .
Expression of monocyte chemoattractant protein-1 (MCP-1) and stromelysin was examined as the transcripts that are normally undetectable but are inducible under pathological conditions. MCP-1 is a member of the chemokine family and specifically attracts monocytes (23) . During the course of glomerulonephritis, expression of MCP-1 is induced in resident glomerular cells (32, 39) . Stromelysin is a matrix-degrading metalloproteinase that plays an important role in the deg-radation of extracellular matrix. Expression of stromelysin is induced in inflamed glomeruli (27) and associated with aberrant function of glomerular cells and the glomerular basement membrane (17, 37) . Cultured mesangial cells, as well as isolated glomeruli, express stromelysin in response to activated macrophages and macrophage-derived proinflammatory cytokines (14, 16, 18) .
During this study, we found that MCP-1 and stromelysin were dramatically induced in explanted glomeruli. The 5Ј-flanking regions of MCP-1 and stromelysin genes contain the 12-O-tetradecanoylphorbol 13-acetate (TPA) response element (TRE), and expression of these genes is regulated by activator protein-1 (AP-1) (13, 34, 38, 40) . In the present report, we investigate whether AP-1 is upregulated in explanted glomeruli, and, if so, what kinds of upstream events are involved in the AP-1-mediated gene expression.
MATERIALS AND METHODS
Isolation and explantation of glomeruli. Normal glomeruli were isolated from adult male Sprague-Dawley rats (250-300 g body wt) by use of the conventional sieving method (35) . In brief, kidneys were minced well on ice and forced through sequential steel sieves, and glomeruli were collected with the use of cold phosphate-buffered saline (PBS). In some experiments, kidneys were perfused through the renal artery with cold DMEM-Ham's F-12 (DME-F12; GIBCO, Gaithersburg, MD) and used to prepare blood-free glomeruli. After isolation, glomeruli were suspended in DME-F12 supplemented with 100 U/ml of penicillin G, 100 g/ml of streptomycin, 0.25 g/ml of amphotericin B, and 1% fetal calf serum (FCS; GIBCO).
Glomeruli lacking mesangial cells were created by an anti-mesangial cell monoclonal antibody, 1-22-3 (12) . In the rat kidney, the epitope recognized by 1-22-3 localizes specifically on the surface of mesangial cells. When 1-22-3 is injected into the venous circulation, selective mesangial damage occurs within a few hours. After 2 h, the majority of mesangial cells are destroyed without any morphological changes in podocytes, endothelial cells, and the glomerular basement membrane (42) . To prepare mesangial cell-ablated glomeruli, 1-22-3 (a generous gift from Dr. F. Shimizu, Niigata Univ., Japan) was injected into the tail veins of rats, as described before (20) . After 2 h, glomeruli were isolated and used for experiments.
Ex vivo incubation of isolated glomeruli was performed in 24-well tissue culture plates at 37°C in a 5% CO 2 atmosphere for up to 24 h, generally in the presence of 1% FCS. In some experiments, glomeruli were incubated without serum in the absence or presence of 1% bovine serum albumin. For Northern analysis, glomeruli were frozen in a deep freezer (Ϫ80°C) before RNA extraction. The quality of RNA and the gene expression profile in these glomeruli were comparable with those in snap-frozen glomeruli.
Pharmacological manipulations. Isolated normal glomeruli were incubated for 24 h in the absence or presence of heparin (100 U/ml; Sigma Immunochemicals, St. Louis, MO) and quercetin (50 M, Sigma), the inhibitors of glomerular cell apoptosis with potential anti-AP-1 properties (10, 15) . To examine roles of extracellular signal-regulated kinase (ERK), p38 mitogen-activated protein (MAP) kinase, c-Jun NH 2 -terminal kinase (JNK), and AP-1, isolated glomeruli were incubated in the absence or presence of the MAP kinase kinase (MEK)1 inhibitor PD098059 (50 M, a gift from Dr.
A. R. Saltiel) (5), the p38 MAP kinase inhibitor SB203580 (25 M; Calbiochem-Novabiochem, Nottingham, UK), or the JNK-AP-1 inhibitor curcumin (20 M, Sigma) (3, 8) . After the incubation, glomeruli were washed with cold PBS and used for Northern blot analysis and kinase assays, as described below. Incubation times used for individual experiments were as follows: 0.5 h for kinase assays of ERK, p38 MAP kinase, and JNK; 0.5-2 h for Northern blot analysis of c-fos and c-jun; and 24 h for Northern analysis of eNOS, GLEPP1, MCP-1, and stromelysin.
Northern blot analysis. Northern blot analysis was performed as described previously (19) . In brief, total RNA was extracted from glomeruli (0.5-1 ϫ 10 4 /sample) by a singlestep method (4), and RNA samples (10-15 g/lane) were electrophoresed on 1.2% agarose gels and transferred onto nitrocellulose membranes. For hybridization, cDNAs were labeled with [ 32 P]dCTP by use of the random priming method. As probes, cDNAs for bovine eNOS (28) , rabbit GLEPP1 (41), mouse JE/MCP-1 (31), rat stromelysin (25), human c-Fos (33), human c-Jun (26), and human 28S rRNA (American Type Culture Collection, Manassas, VA) were used.
Kinase assays. Phosphorylation of ERK and p38 MAP kinase was evaluated by Western blot analysis, as described before (29) . In brief, glomeruli (0.5-1 ϫ 10 4 /sample) were lysed with 200 l of sample buffer (4% SDS, 10% glycerol, 0.006% bromophenol blue, and 2% ␤-mercaptoethanol in 250 mM Tris ⅐ HCl; pH 6.8) and boiled for 5 min. Samples were passaged several times through 23-gauge needles. After centrifugation, supernatants were electrophoresed in 10% acrylamide gels and transferred onto nitrocellulose membranes. Analyses were performed with the use of PhosphoPlus MAPK antibody kit and PhosphoPlus p38 MAP kinase antibody kit (New England Biolabs, Herts, UK), following protocols provided by the manufacturer.
Activity of JNK was evaluated by phosphorylation of c-Jun with the use of the SAPK/JNK assay kit (New England Biolabs). Glomeruli were lysed with 300 l of lysis buffer and passaged several times through needles. After centrifugation, each supernatant containing 50 g of total protein was incubated with 1 g of c-Jun fusion protein beads at 4°C overnight. After centrifugation, the pellets were washed, suspended in 50 l of kinase buffer supplemented with 100 M ATP, and incubated at 30°C for 30 min. Then, 50 l of sample buffer were added to each, and each was boiled for 5 min and centrifuged. Supernatants were then subjected to electrophoresis and Western blot analysis, following the instructions provided by the manufacturer.
RESULTS
Alteration in the transcriptional profile of explanted normal glomeruli. Isolated normal rat glomeruli were incubated in the presence of 1% FCS for 24 h. Northern blot analysis was performed on the expression of eNOS, GLEPP1, MCP-1, and stromelysin (Fig. 1) . Immediately after isolation, constitutive expression of eNOS and GLEPP1 was detectable, whereas transcripts for MCP-1 and stromelysin were not detected. After ex vivo incubation, substantial induction of MCP-1 and stromelysin mRNAs was observed. In contrast, expression of GLEPP1, a marker of podocytes, was dramatically decreased in explanted glomeruli, possibly due to apoptosis of podocytes (9) . Expression of eNOS, a marker of endothelial cells, was maintained constant during the incubation.
Isolated glomeruli contain blood components that may trigger activation of resident cells. Those include platelets, leukocytes, and plasma/serum components. To exclude the contribution of these components to the transcriptional activation, blood-free glomeruli were isolated from perfused kidneys and subjected to the analysis. Consistent with the result using bloodcontaining glomeruli, induction of MCP-1 and stromelysin was observed similarly in the blood-free glomeruli ( Fig. 2A) .
The culture medium used for ex vivo incubation contained 1% FCS. The low concentration of serum could induce expression of some genes. To examine this possibility, glomeruli were incubated without serum in the absence or presence of 1% bovine serum albumin. As shown in Fig. 2B , expression of MCP-1 and stromelysin was similarly observed even in the absence of serum.
We previously reported that mesangial cells express MCP-1 and stromelysin abundantly in response to proinflammatory stimuli (11, 45) . We therefore examined whether mesangial cells are responsible for the spontaneous expression of these genes in explanted glomeruli. Glomeruli lacking mesangial cells were created by intravenous injection of the anti-mesangial cell monoclonal antibody 1-22-3. After 2 h, intact and mesangial cell-ablated glomeruli were isolated and incubated in the presence of 1% FCS for 24 h. The expression of MCP-1 and stromelysin was examined in parallel in preincubated and postincubated glomeruli (Fig. 2C) . Northern blot analysis showed that before incubation, expression of MCP-1 and stromelysin was undetectable in both intact and mesangial cell-ablated glomeruli. After incubation, induction of MCP-1 was observed similarly in both intact and mesangial cellablated glomeruli. In contrast, the induction of stromelysin was observed only in intact glomeruli.
Heparin and quercetin are known to inhibit expression of MCP-1 and stromelysin in cultured glomerular cells (11, 16) . These drugs also attenuate spontaneous apoptosis of podocytes in explanted glomeruli (10, 15) . We therefore examined the effects of heparin and quercetin on the expression of MCP-1, stromelysin, and GLEPP1 in explanted glomeruli. As shown in Fig. 2D , both drugs substantially inhibited the expression of MCP-1 and stromelysin. In contrast, the decrease in the GLEPP1 mRNA level was unaffected by treatment with either drug.
Spontaneous induction of AP-1 components and activation of MAP kinases in explanted glomeruli
. TRE is located in the promoter regions of both MCP-1 and stromelysin genes, and their expression is regulated by AP-1 mainly composed of Fos and Jun (13, 24, 38, 40) . To examine the role of AP-1 in the spontaneous gene expression, expression of c-fos and c-jun mRNAs was examined. Isolated glomeruli were incubated ex vivo for 0.5-2 h and subjected to Northern blot analysis (Fig. 3A) . Immediately after isolation, glomeruli did not express c-fos and c-jun. Both mRNAs were rapidly induced during the ex vivo incubation within 1 h.
Expression of c-fos is known to be regulated by ternary complex factors that can be activated by the MAP kinase family of molecules, including ERK, p38 MAP kinase, and JNK (43) . Expression of c-jun is regulated by c-Jun and ATF-2, which are activated by JNK and/or p38 MAP kinase (43) . To explore upstream events involved in the spontaneous induction of AP-1 components, the activity of MAP kinases was evaluated. Isolated glomeruli were incubated ex vivo for 0.5 h and subjected to kinase assays. Immediately after isolation, glomeruli exhibited only modest activity of ERK, p38 MAP kinase, and JNK. All kinase activities were substantially increased after the ex vivo incubation (Fig. 3B) .
Roles of MAP kinases and c-Jun/AP-1 in the induction of MCP-1 and stromelysin.
To examine whether activated ERK and p38 MAP kinase are required for the spontaneous induction of the AP-1-controlled genes, isolated glomeruli were incubated in the absence or presence of PD098059 and SB203580, the specific inhibitors of MEK1 and p38, respectively. Northern blot analysis showed that the spontaneous expression of c-fos was attenuated by both MAP kinase inhibitors (Fig. 4A) . Expression of c-jun was inhibited only by PD098059. Consistently, both inhibitors attenuated expression of MCP-1 and stromelysin in explanted glomeruli (Fig. 4B) .
To examine the role of the JNK-AP-1 pathway in spontaneous gene expression, glomeruli were incubated in the absence or presence of the pharmacological inhibitor of JNK-AP-1, curcumin (3, 8) . As demonstrated in Fig. 4C , the induction of MCP-1 and stromelysin was abolished by inhibition of the JNK-AP-1 pathway.
DISCUSSION
In this report, we showed that the transcriptional profile of isolated glomeruli alters dramatically after ex vivo incubation. We found that the podocyte marker GLEPP1 was markedly suppressed, whereas expression of MCP-1 and stromelysin was substantially upregulated. A recent report showed that resident cells, mainly podocytes, spontaneously undergo apoptosis immediately after explantation of glomeruli (9) . The dramatic downregulation of GLEPP1 may be explained by a decrease in the number of viable podocytes in explanted glomeruli. However, heparin and quercetin, which attenuate spontaneous apoptosis of podocytes at the early stage (2 h) (10, 15), did not affect the decrease in the GLEPP1 mRNA level. This result indicated another possibility, that GLEPP1 expression could be transcriptionally suppressed in explanted glomeruli, although it has not been determined whether these drugs can block apoptosis of podocytes even at the late stage (24 h).
The induction of MCP-1 and stromelysin was observed in both blood-containing glomeruli and bloodfree glomeruli. The spontaneous gene expression thus occurred in resident glomerular cells. The experimental results using mesangial cell-ablated glomeruli suggested that mesangial cells are responsible for the expression of stromelysin but not MCP-1.
The spontaneous induction of MCP-1 and stromelysin was likely due to rapid upregulation of AP-1, because 1) expression of MCP-1 and stromelysin is regulated by AP-1 (13, 34, 38, 40) , 2) rapid induction of c-fos and c-jun was observed in explanted glomeruli, and 3) the pharmacological inhibitor of JNK-AP-1, curcumin, abrogated the expression of both MCP-1 and stromelysin. Furthermore, activation of multiple MAP kinase pathways was identified as an upstream event involved in the induction of AP-1 components and AP-1-controlled gene expression. That is, both inducers of AP-1 components (ERK, p38, and JNK) and activators of AP-1 (JNK and p38) (43) were phosphorylated in isolated glomeruli within 30 min after the explantation. Inhibition of either ERK or p38 MAP kinase attenuated induction of AP-1 components and expression of MCP-1 and stromelysin. These results indicate that immediately after explantation, MAP kinase pathways are spontaneously activated, leading to consequent induction of the AP-1-mediated gene expression.
Interestingly, we found that the induction of MCP-1 and stromelysin was substantially inhibited by the potential anti-inflammatory drugs heparin and quercetin. These effects are consistent with their inhibitory effects on the cytokine-induced expression of MCP-1 and stromelysin in cultured mesangial cells (10, 11) . Heparin and quercetin are known to inhibit AP-1 in mesangial cells (10, 46) . These data further support the idea that the spontaneous induction of MCP-1 and stromelysin is caused by upregulation of the AP-1 pathway.
What is the trigger for spontaneous upregulation of MAP kinases in explanted glomeruli? One possibility is that, during the sieving procedure, mechanical stress exerted on glomeruli may have activated MAP kinases. Previous studies showed that, in cardiac myocytes and endothelial cells, mechanical stress incited activation of ERKs, JNKs, and/or p38 MAP kinase and subsequent increase in the AP-1 activity (21, 22, 24) . Other environmental factors including altered oxygen tension, reduced supply of nutrients, impaired removal of metabolic products, or lack of hemodynamic forces could also have contributed to the MAP kinase activation in culture. Contribution of blood components (e.g., leukocytes, platelets, and plasma/serum growth factors) is unlikely, because the induction of MCP-1 and stromelysin was similarly observed in blood-free glomeruli and under serum-free culture conditions.
MAP kinase-AP-1 pathways regulate a wide range of genes involved in various biological processes, including cell proliferation, differentiation, and apoptosis (1, 43) . From this viewpoint, our data indicate a possibility that isolation and explantation per se may trigger not only expression of some genes but also substantial alteration in the glomerular structure and function. Indeed, previous reports showed that isolated, intact glomeruli spontaneously release proinflammatory cytokine tumor necrosis factor-␣ (7) and exhibit apoptotic cell death (9) . The peculiar biochemical properties of isolated glomeruli should be considered carefully for experimental design and interpretation of data when ex vivo incubation of glomeruli is used for investigation.
